The signal transduction protein PII plays an important role in cellular nitrogen assimilation and regulation. The molecular characteristics of the M. tuberculosis PII (Mtb PII) were investigated using biophysical experiments. The Mtb PII coding ORF Rv2919c Glutaraldehyde Crosslinking showed that Mtb PII exists in homotrimeric state which is consistent with other PII proteins. Phylogenetic analysis showed that Mtb PII consistently grouped with other actinobacterial PII proteins.
Introduction
Tuberculosis caused by M. tuberculosis is still a major killer infectious disease worldwide. This problem is compounded by the emergence of multi drug-resistant strains of M. tuberculosis and the poor efficacy of the currently available vaccines (1-2).
Therefore, there is an urgent need to develop new strategies including identification of drug targets and of potential vaccine candidates. A necessary pre-requisite step towards accomplishing this goal is the molecular characterization of the genes and their product proteins (1) .
The signal transduction protein PII plays an important role in cellular nitrogen assimilation and regulation (3) . The PII gene is very widely distributed and is highly conserved, with homologues in Archaea, Bacteria, and Eukaryotes (3). The protein PII integrates the antagonistic signals of status of intracellular carbon and nitrogen and uses this information to control nitrogen assimilation (4) .
Characterization of PII (GlnB) protein from enterobacteria showed that it is a homotrimeric protein. It functions at the interface of signal sensing and regulation of primary nitrogen assimilation through the Glutamine synthetase-glutamine 2-ketoglutarate aminotransferase (GS/GOGAT) cycle (5) . This is accomplished in two ways: (a) through uridylylation of PII in response to the levels of the nitrogen-status signal molecule glutamine and (b) the allosteric binding of the carbon status indicator molecule 2-ketoglutarate (6-7).
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NtrC (two component system) and transduction of cellular nitrogen status to adenylyltransferase (8) (9) .
Interestingly, a second PII protein termed GlnK has also been identified in E. coli (10) . The amino acid sequence of E. coli GlnK bears 67% identity to the E. coli GlnB sequence, and the protein is encoded in an operon with a second downstream gene amtB, which encodes for an ammonium transporter (10) . GlnK can also be post-translationally modified by uridylylation at the tyrosine 51 residue and has been shown to bind and regulate the activity of AmtB (11) (12) . The presence of two or more than two PII-like proteins has been reported in many other proteobacteria (13) (14) . In Rhodospirillum rubrum, three paralogues of PII have been identified, namely, GlnB, GlnJ and GlnK (15) .
In contrast to proteobacteria, the presence of additional glnB-like genes have not been reported in either cyanobacteria or gram positive bacteria so far (3) . In case of actinomycetes, only a single gene encoding PII has been identified (16) (17) (18) . It has been shown that GlnK is essential for adaptation of C. glutamicum to nitrogen starvation (16) .
M. tuberculosis has a single gene (Rv2919c) encoding the PII protein (Mtb PII).
The gene Rv2919c is annotated as glnB in Tuberculist (19) . The Mtb PII sequence bears 61.1% identity to E. coli GlnB and 54% identity to E. coli GlnK sequences, indicating its probable orthologous relationship with GlnB. However, according to Arcondeguy et al Docking analysis with the published crystal structure was used to gain insights into the binding characteristics of ATP, ADP and 2-ketoglutarate.
Materials and methods

Polymerase Chain Reaction (PCR) amplification and cloning of MtbPII gene (Rv2919c)-
Mtb PII was cloned in pET28a(+) for expression as an N-terminal his-tagged protein. M. tuberculosis H37Rv genomic DNA was used as the template for PCR amplification. The sequence of the forward primer was 5'-AGT GGA GGC GGA TCC GAA ATG AAG CTG ATC -3', and that of the reverse primer was 5' -AGC ACA GTG AAG CTT GTT TCA TAA CGC GTC GTG -3'. The sites for restriction enzymes BamHI and HindIII were added before the start codon ATG in the forward primer and after the stop codon in the reverse primer respectively. The PCR conditions were: Initial step of 1 cycle of 5 min at 95°C followed by 25 cycles of 1 min at 95°C, 45 sec at 64°C, 1 min at 72°C and a final step of 1 cycle of 10 min at 72°C, using Taq DNA polymerase (Bangalore Genei, India). The resulting 375 bp amplified PCR product was electrophoresed through a 1% Agarose gel (USB, USA). The desired DNA band was cut in the gel and purified using DNA isolation kit (Biological Industries, Israel). PCR product was sequentially digested with the restriction enzymes BamHI and HindIII and then cloned in frame into pET28a(+) (Novagen, USA) predigested with the same restriction endonucleases. The fusion construct coded for an N-terminal hexa histidine tagged recombinant Mtb PII.
Sequencing of the clone revealed a non-synonymous codon change (T→P) at the 5 th codon and a synonymous codon change at 79 th codon. However, the ATP binding site, the T-loop sequences were identical to that given in Tuberculist for Rv2919c. Glutaraldehyde Crosslinking reaction-Crosslinking reaction was performed to stabilize the oligomer form of the protein which can be distinguished from the monomer form following SDS-PAGE analysis. Glutaraldehyde was chosen for chemical cross-linking for reasons that included aqueous solubility, homobifunctional specificity for lysine residues, short spacer length (5Å) (30) . A typical reaction contained 5µg (0.33 µmoles) The PHYLIP version 3.6 was used for the phylogenetic analyses (32) . Pair wise sequence distances were estimated using Henikoff / Tillier PMB matrix (33) in the Protdist program. The Fitch program was used for construction of the trees (34) (35) . The unrooted trees were plotted using the Drawtree program. Bootstrap analyses (1000 replicates) were performed for both trees using Seqboot program (36) . Consensus trees were obtained using Consense program.
Results
Cloning, expression and purification of recombinant Mtb PII protein-The purified Nterminal his-tagged Mtb PII protein was identified as a 16 kDa band on SDS-PAGE (12%) and was observed to be of greater than 95 % purity as determined by SDS-PAGE.
About 2.5 mg of purified PII was obtained per liter of induced E. coli culture. The protein was stable at pH 7.9 in Tris-HCl and HEPES buffers and were stored at 4°C. The purified protein was confirmed to be Mtb PII by peptide mass fingerprinting using MALDI-TOF mass spectrometry.
Circular Dichroism-In order to carry out PII interaction studies with small molecules, it was important to determine the presence of ordered structure of the purified protein at 25°C and 30°C. Therefore, we used CD spectroscopy to examine the presence of secondary structure in Mtb PII. Far-UV CD spectra at both temperatures were similar but with minor change in ellipticity (Figure 1 ). We observed that the slight change in CD spectra is consistent in both buffers (5 mM HEPES, pH 8.0, 100 mM NaCl and 10 mM Figure S1) .
Surface plasmon resonance analysis-The binding characteristics of ATP and ADP to
Mtb PII protein were analyzed by SPR. The results are displayed in Figure 2 . The SPR measurements showed that binding of nucleotides to Mtb PII were reversible. Kinetic rate constants were determined by globally fitting the data to a 1:1 Langmuir binding model.
This showed that on an average each subunit of PII protein binds to one nucleotide molecule.
The association and dissociation rates of Mtb PII-ATP and PII-ADP complexes are displayed in Table I . The association rate for the formation of PII-ATP complex was higher than that of ADP. In the presence of 1 mM 2-ketoglutarate, the association and dissociation rates of Mtb PII-ATP complex were significantly lower than in the absence of 2-ketoglutarate (Table I) . ADP showed significantly lower association and dissociation rates. Association rate constant for the formation of PII-ADP complex was 6.8 folds significantly lower than ATP and the dissociation rate constant of PII-ADP complex was the type of assay. Depending on thermodynamic and diffusion properties, the immobilization of proteins to a solid phase matrix in the case of SPR, can theoretically affect rate constants by 2-10 fold compared with solution measurements (37) . Also, the slight change in Mtb PII conformation at 25°C and 30°C, as indicated by change in CD signal, could underlie the minor differences found in the dissociation constants between ITC and SPR experiments although they are of the same order. of one monomer and with K58, G87, G89 and K90 of the adjacent monomer ( Figure 4A ).
ATP and 2-ketoglutarate docking study-
The hydrogen bonding pattern is listed in Table III (7) and of Mtb PII binding to ATP were observed to be of same order. The Mtb PII also binds to ADP but with an order of lower affinity. The binding of A. thaliana PII to ADP has been previously reported (K d = 69.9 ± 12.1 µM) (5) and this binding is of the same order as Mtb PII. Our study of association and dissociation rate constants using SPR revealed that the relative difference in the binding affinities of ATP and ADP to Mtb PII is mainly due to the large difference in their association rates while the dissociation rate constants had comparatively smaller difference (Table I) the presence or in the absence of high levels of 2-ketoglutarate. However, significant differences were observed in the binding enthalpies in the ITC experiments.
A multiple sequence alignment analysis of crystallized PII protein sequences using ClustalW (31) showed that the T-loop sequence is well conserved (Supplementary Figure S4) . 46% residues constituting the T-loop were identical in all sequences, 17%
residues have conserved substitution and 4% residues showed semiconserved substitution. The T-loop has a highly flexible conformation and therefore has been predicted to play a pivotal role in interaction with other proteins such as the ammonium transporter AmtB and NAGK (N-acetyl-L-glutamate kinase) (3, (46) (47) . 
